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Using a global cloud-system resolving model (GCRM), we examined the11
external influence of tropical waves on the life-cycle of a tropical cyclone (TC).12
The GCRM successfully simulated the genesis and rapid intensification of13
Typhoon Durian (2006). Sensitivity experiments demonstrated that the gen-14
esis of Durian was triggered by a distinct westward-propagating tropical wave.15
Furthermore, the subsequent rapid intensification of Durian was affected by16
an eastward-propagating tropical wave. These results not only support the17
tropical cyclogenesis process proposed by observational studies, but also in-18
dicates that life-cycles of TCs may be continually influenced by several trop-19
ical waves with different origins. Thus, a GCRM is advantageous in simu-20
lating a TC genesis and the subsequent life-cycle, in cases where a TC is in-21
fluenced by external disturbances moving long distances.22
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1. Introduction
Theoretical studies have suggested that a tropical cyclone (TC) basically develops via23
internal feedback mechanisms between a TC vortex and moist processes with cumulus24
convection [Ooyama, 1964; Emanuel , 1986]. In the real atmosphere, however, external25
forcing may influence the individual life-cycle of a TC. In particular, various types of26
external forcing have been proposed as providing the initial weak vortex necessary for27
the subsequent internal feedback mechanisms for TC development: tropical waves, extra-28
tropical disturbances, and energy dispersions from neighboring TCs [Ritchie and Holland ,29
1999; Davis and Bosart , 2001]. Several numerical studies have simulated real cases of TC30
genesis using regional models [Davis and Bosart , 2001; Tory et al., 2007]. However, if a31
TC genesis is originated from a remote source out of the model domain, a regional model32
is unable to simulate the genesis.33
Recently, Fudeyasu et al. [2008] showed a potential of a global cloud-system-resolving34
model (GCRM) for simulating TC genesis within an large-scale environment associated35
with a Madden-Julian Oscillation event. However, it still remains to be clarified what36
triggered the precise timing and location of the TC genesis. In addition, no GCRM37
studies have demonstrated how external forcing influence a TC life-cycle after the genesis.38
In the present study, we used a GCRM to examine the influence of external forcing on the39
life-cycle of Typhoon Durian (2006), which caused mudslide disaster near Mayon Volcano40
in the Philippines by its heavy rain.41
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2. Methodology
The GCRM used in the simulation was the Non-hydrostatic ICosahedral Atmospheric42
Model [NICAM; Satoh et al., 2008]. The horizontal grid system had a quasi-uniform43
interval of 14 km. The model had 40 vertical layers with the model top at 38 km in a44
terrain-following coordinate. The cloud micro-physics scheme with six water categories45
developed by Tomita [2008] was used to represent explicitly all moist processes without46
the use of any cumulus parameterizations. The surface flux, radiation, and turbulent47
mixing were calculated in the same manner as described in Iga et al. [2007].48
The initial condition was given from the global data of the Japan Meteorological Agency,49
which incorporates the satellite data over the ocean by four-dimensional variational anal-50
ysis, and is used for the operational forecasts. The control experiment (Exp. CTL) of51
14-day prediction time was started from the initial time at 1200 UTC 22 November, 452
days before the cyclogenesis, when no surface low pressure system was observed; accord-53
ing to the best-track data of the Regional Specialized Meteorological Center (RSMC)54
Tokyo, a weak precursor disturbance was first observed at 0600 UTC on 25 November55
2006, and the genesis of Durian occurred at 1200 UTC on 26 November, when the tropical56
depression attained a “tropical storm” intensity with a wind speed exceeding ∼ 17.5 m57
s−1. The weekly analysis of sea surface temperature of National Oceanic and Atmospheric58
Administration [Reynolds et al., 2002] was prescribed by temporal interpolation without59
any feedbacks from the atmospheric model.60
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3. Result
Figure 1 shows the basic characteristics of simulated Durian. The location of simulated61
typhoon was identified by the minimum sea level pressure, which is accompanied by62
the surface wind speed exceeding 17.5 m s−1 at least sustaining 6 hours. After 3.2563
days absence of a typhoon, the model successfully simulated Durian’s genesis at 180064
UTC on 25 November to the east of the Philippines (Fig. 1a,b), which was a little65
earlier compared to observations. The subsequent westward movement of Durian over66
the western North Pacific passing over the Philippines was comparable with observations67
(Fig. 1a). Furthermore, the model reproduced the rapid intensification of Durian around68
29 November (Fig. 1b). Thus, the first half of of Durian’s life-cycle was in good agreement69
with observations, and hence, is presented in detail in the following paragraphs.70
Previous studies suggested that the genesis of TCs is accompanied by the organization71
of meso-scale convective systems [Hendricks et al., 2004]. Figure 1c-1d shows the cloud72
patterns related to Durian’s genesis. The model with 14-km grid interval simulated meso-73
β-scale (∼ 100 km) cloud systems clustering at around 150◦E on 24 November before74
Durian’s genesis (Fig. 1c). Subsequently, the cloud systems organized into a typhoon, and75
passed over the Philippines on 30 November (Fig. 1d). The organization of meso-β-scale76
cloud systems into a typhoon was in good agreement with those in satellite observations.77
A change in the structure of Durian during its rapid intensification is shown in a time-78
vertical diagram of vorticity and divergence field within Durian (Fig. 2). After the79
cyclogenesis around 1800 UTC on 25 November, large vorticity occurred below 4 km80
above sea level (ASL) and large convergence was concentrated below 1 km ASL, which81
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are typical structures of a TC. During the rapid intensification of Durian around 000082
UTC on 29 November, the large vorticity field was suddenly deepened to 10 km ASL, and83
the large convergence field was extended to 5 km ASL. These structures apparently differs84
from those in the other periods. Thus, the rapid intensification of Durian may not have85
resulted from only the internal feedback mechanisms for TC development. This cyclone-86
scale stretching of the vortex due to convergence explained 72 % of the development of87
the vortex at 2490 m ASL.88
In order to examine the relation between Durian’s life-cycle and tropical waves,89
longitude-time diagrams were analyzed (Fig. 3). Before the simulated cyclogenesis at90
1800 UTC on 25 November (triangle in Fig. 3a), a signal of large water vapor in 0◦–10◦N91
is retraced (dashed line) to 160◦E on 22 November. This signal corresponds to a westward92
moving cloud cluster, developing into Durian, as shown in Fig. 1c. In the meridional wind93
field at 1570 m ASL (Fig. 3b), a pair of the northerly and southerly winds started to94
intensify gradually at around the time of the cyclogenesis, and this rotational circulation95
grew further during the rapid intensification period (circle). Even before the TC genesis,96
a weak signal in the meridional wind field is observed. Thus, it is likely that a source97
of Durian’s genesis was the convectively-coupled rotational wave propagating westward98
at a speed of 5–8 m s−1, which could be roughly categorized as a so-called easterly wave99
[Kiladis et al., 2009]. This wave was also clearly observed in the NCEP reanalysis data100
(not shown).101
Furthermore, in the zonal wind field at 1570 m ASL averaged in 5◦S–5◦N (Fig 3c),102
another signal moved eastward (dotted line). When the eastward moving signal passed103
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westward moving Durian on 29 November, the rapid intensification of Durian occurred104
(circle). The eastward moving signal originated around 20◦E on 22 November. The105
structures of this eastward moving signal averaged along the dotted line are shown in106
Fig. 4. In a horizontal plane at 1570 m ASL (Fig. 4a), the signal had a westerly107
(easterly) flow in the high (low) pressure region near the equator. Between the westerly108
and easterly flow, a significant updraft occurred throughout the troposphere accompanied109
by maximum precipitation (Fig. 4b). Therefore, it is hypothesized that the external deep110
convergence within the eastward propagating wave forced the large stretching of vorticity111
within Durian on 29 November (Fig. 2), causing the rapid intensification of Durian. The112
eastward moving signal is considered to be a convectively-coupled Kelvin wave, based on113
the structures and eastward moving speed of ∼ 15 m s−1 [Kiladis et al., 2009].114
To assess whether the two tropical waves actually influenced the genesis and rapid inten-115
sification of Durian, two sensitivity experiments were performed, in which the individual116
waves were modified in the initial condition. In Exp. NoW, by reducing the specific117
humidity at all levels by 25 % in the far east domain (140◦E-180◦E, 0◦-20◦N) in the initial118
field, the westward propagating wave was almost removed (compare the signals along the119
dashed lines in Figs. 3c and 3d). This seems to be because latent heating is the primary120
source for Pacific easterly waves [Kiladis et al., 2009]. As a result, the genesis of Durian121
did not occur (Fig. 1b), which demonstrates that the westward propagating wave was an122
essential source of Durian’s genesis. In Exp. ModE, by increasing the specific humidity123
by 25 % in the far west domain (0◦-40◦E, 10◦S-10◦N), in the initial field, the timing of124
the eastward propagating wave was delayed (compare Fig. 3c and 3e). As a result, the125
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intensification of Durian was delayed (green line in Fig. 1a), which indicates that the126
eastward propagating wave actually influenced the rapid intensification of Durian.127
4. Summary
It was clearly shown that Durian’s genesis was triggered by an westward-propagating128
tropical wave, whereas the rapid intensification was influenced by an eastward-propagating129
tropical wave. These results does not only support the tropical cyclogenesis process pro-130
posed by observational studies [Ritchie and Holland , 1999], but also demonstrates that131
several tropical waves with different origins may continually influence a TC life-cycle132
including a rapid intensification. It is interesting to note that another short signal propa-133
gating eastward was seen at around the time of Durian’s genesis (near the triangle in Fig.134
3c, 3d, and 3e). This eastward propagating signal may also influence Durian’s genesis by135
interacting the westward propagating wave.136
The present study shows that a GCRM is a promising tool for simulating a TC genesis137
and the subsequent life-cycle, in cases where TCs are influenced by external disturbances138
moving long distances. In fact, additional experiments showed that the lead time for139
simulating the genesis of Durian was about 6 days (not shown), which is longer than140
those in previous regional simulations [Davis and Bosart , 2001; Tory et al., 2007]. The141
length of lead time for simulating the cyclogenesis and rapid intensification appears to142
depend on the predictability of the westward and eastward propagation of the tropical143
wave, respectively. A regional model is still appropriate to simulate TC genesis, if it is144
little affected by external disturbances with remote origins, or if it has a sufficiently large145
domain. In addition, the cloud-system resolving approach with an explicit cloud micro-146
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physics scheme appears to be advantageous in simulating the organization of meso-β-scale147
cloud systems into a typhoon (Fig. 1c-1d) and propagation of tropical waves also shown148
in Mapes et al. [2008].149
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Figure captions188
Figure 1:189
Basic characteristics of the simulated Durian. (a) Locations of the cyclone center from obser-190
vations (black) and Exp. CTL (red). The digits indicate the day from 0000 UTC 26 November191
to 0000 UTC 5 December. Color shading shows the sea surface temperature (◦C) at 1200 UTC192
22 November. (b) Sea level pressure at the cyclone center (hPa) from observations (black), Exp.193
CTL (red), Exp. NoW (blue; no line due to no cyclogenesis) and Exp. ModE (green). (c) and194
(d) OLR (gray shading) and precipitation (mm/hr; color shading) at 0000 UTC 24 November195
and 0000 UTC 30 November, respectively; Yellow circles indicate the cloud patterns associated196
with Durian.197
Figure 2:198
Time-vertical diagram of the Durian’s structure in Exp. CTL. (a) Vorticity (10−5s−1). (b)199
Divergence (10−5s−1). The variables are averaged in the region of 6◦ × 6◦ around the cyclone200
center.201
Figure 3:202
Longitude-time diagram in the simulations. (a) Vertically integrated water vapor (kg m−2)203
averaged in 0◦–10◦N in Exp. CTL. (b) Meridional wind at 1570 m ASL (ms−1) averaged in 0◦–204
10◦N in Exp. CTL. (c) Zonal wind at 1570 m ASL (ms−1) averaged in 5◦S–5◦N in Exp. CTL. (d)205
As for panel (c) but for Exp. NoW. (e) As for panel (c) but for Exp. ModE. Triangle indicates206
the Durian’s genesis at 1800 UTC on 25 November, while circle represents rapid intensification207
of Durian around 29 November. Dashed line shows a westward propagating wave developing into208
Durian, while dotted line shows an eastward propagating wave.209
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Figure 4:210
Composite structure of the eastward propagating wave extracted by the band-path filter of 2211
∼ 10 wave number in the zonal direction and by the temporal averaging along the dotted line in212
Fig. 3c. (a) Pressure (Pa; shading) and horizontal wind (vector) at 1570 m in the XY plane. (b)213
Vertical wind (cm s−1) in the XZ plane (shading) and precipitation (curve; three dashed lines214
indicate -1, 0, and 1 mm/day) averaged in 5◦S–5◦N. Horizontal axes are the longitudes relative215
to the composite center (the dotted line in Fig. 3c).216
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a. Locations of the cyclone center
b. Sea level pressure at the cyclone center
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Figure 1. Basic characteristics of the simulated Durian. (a) Locations of the cyclone center
from observations (black) and Exp. CTL (red). The digits indicate the day from 0000 UTC 26
November to 0000 UTC 5 December. Color shading shows the sea surface temperature (◦C) at
1200 UTC 22 November. (b) Sea level pressure at the cyclone center (hPa) from observations
(black), Exp. CTL (red), Exp. NoW (blue; no line due to no cyclogenesis) and Exp. ModE
(green). (c) and (d) OLR (gray shading) and precipitation (mm/hr; color shading) at 0000 UTC
24 November and 0000 UTC 30 November, respectively; Yellow circles indicate the cloud patterns
associated with Durian.
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a. Vorticity (10−5s−1)
b. Divergence (10−5s−1)
Figure 2. Time-vertical diagram of the Durian’s structure in Exp. CTL. (a) Vorticity
(10−5s−1). (b) Divergence (10−5s−1). The variables are averaged in the region of 6◦ × 6◦ around
the cyclone center.
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a. Vertically integrated water vapor (Eq-10◦N) in Exp. CTL
b. Meridional wind at 1570m (Eq-10◦N) in Exp. CTL
c. Zonal wind at 1570m (5◦S-5◦N) in Exp. CTL
d. Zonal wind at 1570m (5◦S-5◦N) in Exp. NoW
e. Zonal wind at 1570m (5◦S-5◦N) in Exp. ModE
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Figure 3. Longitude-time diagram in the simulations. (a) Vertically integrated water vapor (kg
m−2) averaged in 0◦–10◦N in Exp. CTL. (b) Meridional wind at 1570 m ASL (ms−1) averaged in
0◦–10◦N in Exp. CTL. (c) Zonal wind at 1570 m ASL (ms−1) averaged in 5◦S–5◦N in Exp. CTL.
(d) As for panel (c) but for Exp. NoW. (e) As for panel (c) but for Exp. ModE. Triangle indicates
the Durian’s genesis at 1800 UTC on 25 November, while circle represents rapid intensification
of Durian around 29 November. Dashed line shows a westward propagating wave developing into
Durian, while dotted line shows an eastward propagating wave.
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a. Pressure
b. Vertical wind
Figure 4. Composite structure of the eastward propagating wave extracted by the band-path
filter of 2 ∼ 10 wave number in the zonal direction and by the temporal averaging along the
dotted line in Fig. 3c. (a) Pressure (Pa; shading) and horizontal wind (vector) at 1570 m in
the XY plane. (b) Vertical wind (cm s−1) in the XZ plane (shading) and precipitation (curve;
three dashed lines indicate -1, 0, and 1 mm/day) averaged in 5◦S–5◦N. Horizontal axes are the
longitudes relative to the composite center (the dotted line in Fig. 3c).
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